I. INTRODUCTION
Group-IIA-oxide materials of the ZnO family have attracted a great deal of interest for UV-visible optoelectronics owing to their large bandgaps (3.3 eV for ZnO) and large exciton binding energies (60 meV for ZnO).
1,2 Alloying ZnO with BeO, MgO, and CdO allows tuning of bandgap, lattice parameters, band offsets, and spontaneous polarization. Precise control over these parameters for manipulating carrier confinement and strain-induced piezoelectric polarization is essential in many applications, particularly solar-blind photodetectors, intersubband transition devices, and heterostructures with two-dimensional electron gas (2DEG) as well as light emitting devices. However, bandgaps achievable in MgZnO and BeZnO ternaries are restricted by limited solubility of BeO and MgO in wurtzite ZnO lattice. As MgO is stable in the rocksalt phase (7.7 eV bandgap), phase segregation in MgZnO is inevitable and has been reported for Mg concentrations above 33% (corresponding wurtzite MgZnO bandgap of $4.0 eV) for films grown at substrate temperatures of !600 C. 3, 4 Higher Mg contents up to 55% (corresponding wurtzite MgZnO bandgap of $4.5 eV) could be achieved at much lower growth temperatures of 250 C at the expense of significantly degraded material quality and tendency toward phase segregation at elevated temperatures. 5 On the other hand, in the case of BeZnO ternary (BeO having the wurtzite structure with 10.6 eV bandgap), the phase segregation is primarily driven by the large difference in covalent radii (1.22 Å for Zn and 0.96 Å for Be 6 ) and has been observed for Be contents as low as 10%, [7] [8] [9] despite the relatively low growth temperatures used (400-500 C). To overcome the abovementioned limitations of the MgZnO and BeZnO ternaries and suppress phase segregation, the quaternary BeMgZnO alloy can be used with achievable bandgaps above 5 eV. 7, [10] [11] [12] [13] The advantage of this quaternary system is that Mg has a much larger covalent radius (1.41 Å ) 6 than Be and can compensate for the large lattice mismatch between ZnO and BeO. Therefore, it is expected that by tuning the compositions of both BeO and MgO in ZnO (i.e., Be/Mg ratio), one can achieve lattice matching to ZnO, prevent phase separation, and achieve wider bandgaps.
Despite its great potential, there have been only a limited number of theoretical and experimental investigations of the quaternary BeMgZnO alloy. In this work, we performed a systematic study of bandgaps, lattice parameters, and band edge wavefunction evolution in BeMgZnO thin films, with theoretical calculations predicting their structural and electronic properties for the entire compositional range. Lattice 0021-8979/2016/119(9)/095311/9/$30.00
V C 2016 AIP Publishing LLC 119, 095311-1 parameters were calculated using generalized gradient approximation (GGA) to the density functional theory (DFT), while bandgaps were calculated using exchange tuned Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional. The theoretical predictions were compared with the experimental measurements for quaternary alloys with up to 19% and 52% BeO and MgO, respectively.
II. METHODS
Quaternary BeMgZnO thin films were grown on (0001) sapphire substrates using plasma assisted molecular beam epitaxy (MBE) with an RF oxygen plasma source and Knudsen cells for Zn, Be, and Mg. Pyrolytic boron nitride (PBN) crucibles were used for Zn and Mg sources and a BeO crucible for the Be source. First, a 2 nm-thick MgO buffer layer was grown at 750 C to ensure 2D nucleation. Subsequently, a 10-15 nm thick low temperature (LT) ZnO buffer layer was grown at 300 C and annealed at 750 C to achieve an atomically flat surface. BeMgZnO films were deposited at $8 Â 10
À6 Torr oxygen pressure, 400 W RF plasma power, and 400 C substrate temperature, which as a set of conditions were found to be optimal for the best crystal quality with high Be incorporation (up to 19%). 7 In addition, one MgZnO layer and three BeZnO layers of various compositions were grown at the same substrate temperature of 400 C to obtain reference lattice parameters and bandgap values for the ternary compounds. The growth rate was $100 nm/h, and the film thicknesses are $170 nm (determined from step profiler measurements). The compositions, lattice parameters, and bandgaps of the samples investigated here are provided in Table I. For selected ternary and quaternary alloy samples, the compositions were determined using Ion Beam Analysis (IBA) employing Rutherford Backscattering Spectroscopy (RBS) with Heþ ions (Heþ-RBS) and elastic backscattering spectrometry with protons (p-EBS) which provide Be content accuracy within 1-2 at. %. These experimental values were used as calibration for compositional estimations of other samples using deposition rates of binary oxides BeO, MgO, and ZnO measured by an Inficon quartz thickness monitor. It is worth mentioning that elastic proton backscattering measurements account for the total atomic concentrations in the films, regardless of the atoms' positions in the lattice.
To vary the quaternary alloy composition, the Zn and Mg source temperatures were varied in the ranges of 416-452 C and 317-325 C, respectively, while the Be source temperature was kept at 1150 C for all BeZnO and BeMgZnO samples investigated here. The growth progression and to some extent the structural quality of the samples were monitored in situ by using Reflection High-Energy Electron Diffraction (RHEED). The out-of-plane c and in-plane a lattice parameters were deduced from X-Ray Diffraction (XRD) measurements (Cu Ka radiation) for the symmetric (0002) and skew-symmetric ð10 13Þ reflections, respectively, using the line focus mode. The optical absorption measurements were performed using a Deuterium lamp and a SPEX 500M scanning spectrometer equipped with a photomultiplier tube. The experimental bandgaps were deducted from (a opt h) 2 vs. h Tauc plots, where a opt , the absorption coefficient, was deduced from the transmission measurement and from the measured thickness values. More detailed discussion of the sample preparation can be found in the previous reports. 7, 14 We used first principles calculations to analyze structure and electronic properties of quaternary BeMgZnO alloys. The structural properties were calculated using PerdewBurke-Ernzerhof (PBE) 15 parameterization of the GGA 16 to the DFT. Although in most cases PBE approximation is known to slightly overestimate the lattice constants, it was found to be adequate in this study as marginal improvements were obtained using a more accurate HSE06 hybrid functional, 17 which comes with a significantly increased computational cost.
The electronic bandgaps computed by PBE, on the other hand, are significantly underestimated for the ZnO family of binaries: the PBE gaps obtained here are 4.99 eV for rocksalt MgO, 0.74 eV for ZnO, and 7.87 eV for BeO, showing mean error of 2.72 eV in comparison with the experimental values discussed below. Therefore, analysis of quaternary oxides using (semi)local approximations to the DFT is problematic. In contrast, standard HSE06 hybrid functional yields a drastically lower mean absolute error for the semiconductor bandgaps of only 0.26 eV. 18 Furthermore, in HSE06, the exchange-correlation energy contains exact Fock-type exchange part that is mixed with the (semi)local part in a ratio (standard fraction of exact exchange is 0.25) that can be adjusted to fit the experimental bandgap of a specific material. The fraction of exact exchange (0.375) adjusted to yield the experimental low temperature bandgap of 3.43 eV for ZnO 19 yields the bandgap of 10.2 eV for BeO, which is close to the experimental value of 10.6 eV, 20 and 7.72 eV for the stable rock-salt phase of MgO, close to the measured bandgap of 7.7 eV. 21 Based on the good agreement of calculated bulk binary bandgaps with experiment, a common value of 0.375 was adopted in this work for the exact exchange 22 fraction with the expectation that reasonable All calculations were performed using supercells with 72 atoms and using C-point eigenvalues only, and projector augmented wave (PAW) pseudopotentials. Wurtzite lattice was used throughout the work for all alloy compositions, which leads to an additional error at high concentrations of Mg, where rock-salt crystal structure would prevail. However, in quaternary BeMgZnO alloys, the rock salt phase becomes energetically favorable for fractions of Mg exceeding 75% for alloy containing 3% of Be and 83% for alloy with 17% of Be. 13 These high concentrations of Mg are not accessible in experiment, and therefore, present purely theoretical interest at the moment. Therefore, for all data related to experimentally grown BeMgZnO alloy, and even at higher Mg and Be concentrations, the wurtzite structure is appropriate. All atomic structures were relaxed within PBE with respect to the lattice parameters a and c, c/a ratio, as well as all internal degrees of freedom, to yield forces of 0.01 eV/Å or less. The plane wave basis sets with 500 eV energy cutoff were used in PBE calculations. This allowed accurate calculations of the BeMgZnO crystal structure. The electronic properties were computed for relaxed crystal structures using HSE06 hybrid functional with 0.375 fraction of exact exchange and 400 eV energy cutoff. The exchange range separation parameter in HSE06 was kept at 0.2 Å À1 . Table II Theory Experiment
III. RESULTS AND DISCUSSION
ZnO ( 25 suggests a value in the vicinity of 5.9 eV, consistent with our result. Similarly, inplane and out-of-plane lattice parameters of a ¼ 3.283 Å and c ¼ 5.095 Å , respectively, reported for wurtzite MgO based on extrapolation of experimental results on MgZnO, 26 are reasonably well-reproduced by the GGA to DFT calculations reported here (Table II) . 
where b BeZnO , b MgZnO , and b xy ¼ b BeZnO À b MgZnO À b BeMgO are the bowing parameters that are independent of the composition. 43 The surface plot in Figure 1(a) is the fit using Equation (1). As will be discussed below, computed c lattice parameters and the bandgaps can also be represented by Equation (1) with a replaced by the corresponding parameter. Additionally, since our calculations cover the entire range of compositions, this interpolation formula for quaternary Be x Mg y Zn 1ÀxÀy O also yields the bowing parameters for ternary compounds that can be used to explain the properties of the corresponding ternary alloys. Note that there are different methods used across the literature with varying bowing equations, different definitions of bowing parameters, and their dependence on the composition of the quaternary alloy making it often difficult to compare the bowing parameters reported.
The bowing parameters obtained from the fits using Equation (1) are provided in Table III . For convenience, Figure 1 (b) displays the dependence of a lattice parameter on Mg content for various fixed Be contents in BeMgZnO alloys. As also shown in Table II , the a parameter of wurtzite MgO is very close to that of ZnO due to relatively small difference in covalent radii (1.22 Å for Zn and 1.41 Å for Mg). 6 On the other hand, due to the smaller covalent radius of Be (0.96 Å ) 6 compared with Zn, the in-plane lattice parameter of BeO is substantially smaller than that of ZnO. The bowing of the surface in Figure 1(a) is relatively small despite the wide range of the lattice parameter variation in BeMgZnO. By choosing proper Be and Mg content, it is possible to achieve in-plane lattice parameter larger (by a small amount) or smaller than that of ZnO. The latter one is very important in achieving tensile strain in the barrier layer of Zn-polar BeMgZnO/ZnO heterostructure, which yields to the proper . The tensile strain required in the barrier layer for 2DEG generation cannot be achieved with Zn-polar MgZnO/ZnO heterostructure. Figure 2 shows the calculated out-of-plane c lattice parameters of BeMgZnO (solid spheres) and the fit (surface) obtained using Equation (1) . Bowing of the c lattice parameter is observed to be significantly larger than that of the a parameter due to the fact that the incorporations of Mg and Be have opposite effects on the in-plane lattice parameter (reducing with Be, increasing with Mg), while the out-ofplane lattice parameter of BeMgZnO reduces with increasing both Be and Mg content. Figure 3 (a) presents the theoretically calculated bandgap values using tuned HSE06 hybrid functional with the fraction of exact exchange 0.375 (solid spheres) and the fit using Equation (1) (the surface fit) for the entire range of BeMgZnO compositions. Figure 3(b) shows the computed bandgaps as a function of Mg content for different Be contents. The bandgap bowing for ternary MgZnO compound is relatively small, while that for BeZnO is clearly noticeable in Figure 3(a) .
The theoretical methods used here were validated by comparing the calculated lattice parameters and bandgaps with those measured for MBE-grown quaternary layers. Figures 4(a) and 4(b) compare the calculated a and c lattice parameters, respectively, of BeMgZnO quaternary solid solutions with experimental values. It is worth noting that incorporation of Be, which has small covalent radius on the Zn lattice sites, partially compensates the lattice expansion caused by Mg and permits attainment of BeMgZnO layers containing up to approximately 50% Mg. 7 As GGA to DFT in most cases is known to overestimate the lattice parameters by 1%-2%, as expected, the calculated values are larger than the measured ones by about 0.04 Å and 0.08 Å for a and c parameters, respectively. This discrepancy also partially originates from slight variations in the actual Be and Mg atomic contents (see Table I ) from the plotted 9% and 39%, respectively, as well as the error in measurement of the lattice parameters (see Table I ) and the compositions. 14 The error bars shown in Figure 4 represent the corresponding overall confidence limits. The measurement error results partially from alloy XRD peak broadening and use of the relatively weak and broad low-temperature ZnO XRD peak as the reference position for asymmetric XRD scans. It is observed in Figure 4 (a) that Be 0.09 Mg y Zn 0.91Ày O samples (blue circles) exhibit larger scatter in the measured in-plane lattice parameter around the expected trend compared with the Be x Mg 0.4 Zn 0.6Ày O samples (red stars). The main source of error in this case is the deviation of the actual Be content from the plotted 9% as a small change in the Be molar content results in a significant change in the in-plane lattice parameter. Nevertheless, despite the rigid shift due to slight overestimation of the predicted lattice parameters, the theoretical model satisfactorily predicts the lattice parameters of the quaternary alloy. Figure 5 compares the calculated and measured bandgaps for Be 0.09 Mg y Zn 0.91Ày O solid solutions. The difference between theoretically predicted electronic bandgaps and experimentally determined optical bandgaps is 0.14-0.32 eV for Set I (samples with near 9% Be but varying Mg content) and higher for Set II (samples with near 39% Mg but varying Be content). The large deviation for Set II when Be content is 8% or lower may be attributed to possible segregation of the Mg-rich phase, which is characteristic to high Mg content MgZnO. Phase segregation would also take place in the quaternary alloy with Be concentration insufficient to compensate the tensile strain caused by large Mg content. 13 As a result, effectively lower Mg content remains in the wurtzite lattice, which would be revealed as lower optical bandgap. It should be noted that XRD measurements are not sensitive enough to reveal any secondary phase. Moreover, as the effect of Mg incorporation on the lattice parameters is smaller than that of Be, the effect of phase segregation may not be noticeable, particularly also due to broad XRD peaks. 7 The discrepancy between calculated and measured bandgaps shown in Figure 5 is also associated with neglecting temperature expansion of the lattice, temperature dependence of electron-phonon coupling, and excitonic effects in ab initio calculations. The hybrid functional method of calculations was tuned to yield the bandgap that matches the measured low-temperature ZnO bandgap of 3.43 eV (obtained from the 3.37 eV low temperature emission of Aexciton plus the exciton binding energy E X B of 60 meV), higher than the excitonic bandgap measured at room temperature (3.26 eV). Similarly, for MgO and BeO, increasing temperature from 77 K to 300 K results in bandgap shrinkage of about 0.2 eV (Ref. 35 ) and 0.1 eV, 20 respectively. Thus, the combined effects of lattice expansion and temperature dependence of electron-phonon coupling on the bandgap of BeMgZnO alloy can account for variations in the range of 0.1 eV to 0.2 eV. The decrease in bandgap due to the excitonic effect only is 80 meV in rocksalt MgO, 35 and the reported excitonic binding energy of wurtzite MgZnO does not vary from that of ZnO by more than 10 meV for Mg content up to 29%. 19, 44 The excitonic binding energy measured for BeO, on the other hand, is significantly higher (0.17 eV). Therefore, for ternary BeZnO and quaternary BeMgZnO alloys, the exciton binding energy is expected to fall within the range determined by ZnO and BeO exciton binding energies, i.e., 0.06-0.17 eV. These estimates suggest that the systematic difference between the calculated and measured bandgaps in BeMgZnO alloys is mainly due to excitonic effects and temperature dependent renormalization of the bandgap, unaccounted for in the theoretical method. When all these effects are considered, the satisfactory prediction of Be 0.09 Mg y Zn 0.91Ày O bandgap by the theory suggests that the use of the HSE hybrid functional in our calculations yields the correct bandgaps for both constituent binaries and their solid solutions. Thus, the bowing parameters provided in Table III are expected to be well representative. It should be noted, however, that although the solubility limits in the BeO-MgO-ZnO system have not yet been explored in detail, growing single-phase material with large Mg and Be content while maintaining the material quality may be extremely challenging or even impossible because of strong tendency for phase segregation observed for MgZnO and BeZnO ternaries. Table III compares the bowing parameters computed here for the quaternary BeMgZnO system, with those of the ternary alloy subsystems, BeZnO and MgZnO, from literature. We obtain negative and relatively small values for BeZnO bowing of À0.043 Å for both a and c lattice Table I ) and the compositions. parameters. The in-plane lattice bowing parameter for MgZnO is 0.061 Å and out-of-plane lattice bowing is negative but larger in the absolute value, À0.172 Å . Among the ternaries involved, MgZnO has been explored extensively both experimentally and theoretically, whereas BeZnO has received limited attention, and BeMgO almost no consideration at all due to difficulty of growth. Shimada et al. 26 calculated structural properties of MgZnO alloy using GGA to DFT with PAW pseudopotentials and reported lattice bowing parameters similar to ours. The observed nonlinearity of the lattice parameters was attributed to difference in the chemical bonding between rocksalt MgO and wurtzite ZnO. In regard to the effect of Be incorporation, the calculations predict relatively small bowing parameters for the compositional dependences of the lattice parameters in BeZnO, as shown in Table III . Using GGA, Su et al. 45 performed DFT calculations of lattice parameters of wurtzite BeMgZnO for selected compositions; however, no bowing was reported. The bowing parameters b a_BeZnO and b c_BeZnO determined here are relatively small and have not been reported to date, in part due to the complications associated with precise determination of the Be content, with the measurement error being higher than the effect of bowing itself. In addition, experimental studies of BeZnO for a wide range of compositions are challenging because of phase segregation observed for the solid solutions with both low (more than $10% Be) and high Be (less than $75% Be) content. 8 In regard to bandgap bowing, we obtain relatively large BeZnO bowing of 6.94 eV and relatively small MgZnO bowing of 0.237 eV, which shows that the bowing parameters increase with the size difference of the constituents. Shi and Duan 42 calculated bandgaps of zinc blende BeMgZnO using LDA to DFT and reported large and composition dependent bandgap bowing parameters. However, the composition dependence does not allow comparison with the results presented here. Ding et al. 36 reported theoretical investigation of the bandgap of ternary BeZnO with a bowing parameter of 5.6 eV. The bandgap bowing parameter b Eg_BeZnO has also been reported experimentally (4.5 eV in Ref. 46) but is lower than the theoretically predicted value most likely due to low range of available Be compositions and low crystal quality. It should also be noted that, in our case, the calculated bowing parameters are independent of composition, indicating that the symmetry of the wave functions does not change significantly due to incorporation of Mg and Be to the lattice of ZnO to form the quaternary BeMgZnO alloy.
In order to understand the evolution of the lattice and the bandgap of the BeMgZnO alloys with the increasing Be and Mg contents, Figure 6 shows the crystal structures along with the isosurfaces of the electron density corresponding to the valence band maxima (VBM) for bulk ZnO [ Figure 6 47 similar to BeO; however, larger atom size leads to Mg-O bond length being similar to that of ZnO.
As shown in Figure 6 , electron densities are localized on oxygen atoms away from the formal bond centers. This shift is quite pronounced in HSE06 due to partial correction of the self-interaction error for the oxygen 2p-derived states, which make up most of the upper part of the valence band in both ZnO and BeMgZnO. Electron densities show stronger localization in BeMgZnO alloy compared with bulk ZnO. Particularly, the VBM orbitals localized on oxygen coordinated by Mg atoms tend to be more localized, compared with those coordinated by zinc [ Figure 6(b) ]. These changes in the wavefunction with increasing concentration of Mg and Be are related to the bandgap bowing discussed above. Larger bowing is usually accompanied by a stronger wavefunction localization. For example, in Al x Ga 1Àx N alloys, the similarity between Ga and Al atoms leads to small bowing and weak wavefunction localization. 48 On the other hand, in In x Ga 1Àx N, the stronger wavefunction localization also leads to larger bandgap bowing. 49 In the case of BeMgZnO alloys, the wavefunction localization as a result of alloying is significant, which explains the observed bandgap bowing. At the same time, the compensating effect of substituting Be and Mg on Zn sites leads to relatively small average changes in metal-oxygen bond lengths, leading to small bowing in lattice parameters.
In order to quantify the overall wavefunction localization in BeMgZnO, we calculate participation ratio (PR) for conduction band minima (CBM) and VBM wavefunctions V Ð jwðrÞj 4 dr. 48 The PR is equal to 1 for a constant function and has larger value for any spatially varying function, with larger values for stronger localization. Compared with GGA, the wavefunctions computed with HSE06 are usually more localized, resulting in larger bandgap bowing. Table IV presents computed PR values normalized to the most delocalized state in our calculations, which is bulk ZnO CBM state. In all alloy configurations, both CBM and VBM wavefunctions are more localized, compared with bulk ZnO. Admixing Be atoms into the alloy shows stronger 
IV. CONCLUSIONS
In conclusion, we performed a systematic experimental and theoretical study of lattice parameters and bandgaps of quaternary BeMgZnO alloy for the whole range of compositions. The calculations using exchange tuned HSE06 hybrid functional (exchange fraction of 0.375) are in good agreement with the experimental data for MBE grown samples containing up to about 19% Be and 52% Mg in quaternary BeMgZnO alloy. The a and c lattice parameters were calculated within 1%-2% accuracy in comparison with experimentally observed values. The effect of BeO content on the a lattice parameter is much stronger than that of MgO due to larger difference of lattice parameter of the former with ZnO. Further offset of 0.14-0.32 eV for Be 0.09 Mg y Zn 0.91Ày O and higher for Be x Mg 0.39 Zn 0.61Àx O (due to possible phase segregation) between theoretically predicted and measured bandgaps (in the available compositional range) is attributed to the temperature expansion of the lattice, temperature dependence of electron-phonon coupling, and excitonic effects. Composition independent bowing parameters were determined for ternary BeZnO and MgZnO alloys: b Eg_BeZnO ¼ 6.94 eV and b Eg_MgZnO ¼ 0.237 eV for bandgaps, and b a_BeZnO ¼ À0.043 Å , b a_MgZnO ¼ À0.172 Å and b c_BeZnO ¼ À0.043 Å , b c_MgZnO ¼ 0.061 Å for a-lattice and c-lattice parameters, respectively. The large bandgap bowing b Eg_BeZnO correlates with strong localization of both CBM and VBM wavefunctions in BeMgZnO alloy, compared with bulk ZnO. Finally, it is important to note that by using BeMgZnO alloy as a top barrier layer on Zn-polar ZnO, it is possible to achieve both tensile and compressive strain, where former cannot be achieved with MgZnO. This is advantageous to generate high density 2DEG by utilizing piezoelectric polarization for future generation (Be,Mg)ZnO/ ZnO heterostructure field effect transistors. 
